In recent years the immobilization of poly(ethylene glycol) (PEG) on surfaces has proved to be one of the most attractive methods to prevent biological fouling of surfaces. We have developed a paradoxical biomimetic PEGylation strategy that exploits the adhesive characteristics of proteins secreted by marine mussels-one of nature's most notorious foulers. Linear PEGs were coupled to peptides containing 3,4-dihydroxyphenylalanine (DOPA), an unusual amino acid which is found in high concentration in these so-called mussel adhesive proteins. Using surface plasmon resonance, we have demonstrated enhanced resistance to protein adhesion on gold substrates modified with the DOPA-containing PEGs.
INTRODUCTION
For many emerging medical and non-medical applications, strict control of the fluid-solid interface is of essential importance, and the non-specific bioadhesion of proteins and cells on surfaces continues to impede many aspects of biomaterials research. Although a variety of polymeric surface modifications have been investigated, the immobilization of PEG on surfaces appears to be one of the most promising routes to create surfaces that are resistant to cell and protein adhesion. 1, 2 The current arsenal of surface modification strategies, however, often requires the presence of specific surface functional groups and thus, have a limited capacity to be used for modification of a variety of materials. Moreover, existing approaches may result in PEG coatings that are susceptible to hydrolysis and/or thermal degradation. 1 Marine and freshwater mussels are known to secrete unique proteins to secure themselves to many types of surfaces on which they reside in the ocean's turbulent intertidal zone. These mussel adhesive proteins (MAPs) are able to form tenacious bonds with rocks, wooden structures, and metal and fiberglass ship hulls. 3 Perhaps the best characterized protein is Mytilus edulis foot protein 1 (Mefp-1), in which the consensus peptide Ala-Lys-Pro-Ser-Tyr-DHP-HypThr-DOPA-Lys (DHP: dihydroxyproline) is tandemly repeated some 75-85 times. 4, 5 It is widely believed that the unusual catecholic amino acid DOPA, a post-translationally modified tyrosine, is in large measure responsible for the adhesive characteristics of the protein. 6 Although the exact nature of the DOPA-substrate interaction is not fully understood, it is clear that phenols and catechols have a very high affinity to metals in the aqueous environment. Several investigators have examined the ability of various phenols to chelate metal ions 7 as well as adhere to metallic particles and metal oxide surfaces. 8, 9 For metals with insignificant surface oxide such as platinum, catechols form essentially irreversible organometallic complexes. 10 There is also some spectroscopic evidence supporting the binding of DOPA to Au surfaces. 11, 12 Recently, conjugates of PEG and DOPA-containing peptides have been synthesized for the preparation of nonfouling surfaces. Previously, we have reported decreased cellular attachment on gold and titanium substrates modified with these adhesive polymers, which persists for up to two weeks. 12 In the present study, we investigate the adsorption of bovine serum albumin (BSA) on PEGylated Au substrates using surface plasmon resonance (SPR).
EXPERIMENTAL DETAILS
The synthesis of the mPEG-DOPA conjugates ( w M = 2K or 5K) has been described in detail previously. 12, 13 Briefly, methoxy-PEG-amine (mPEG-NH 2 ) was reacted with tertbutyloxycarbonyl Boc-protected DOPA in dichloromethane using HOBt, HBTU, and triethylamine as a catalyst. The resulting mPEG-DOPA molecules were purified by precipitation in cold ether, and analysis by 1 H NMR and DOPA assay 14 revealed that >90% of mPEG-NH 2 endgroups were coupled to DOPA during synthesis.
An analog of the Mefp-1 repeat sequence (MAPD: Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-DOPA-Lys) was synthesized by Fmoc solid-phase peptide chemistry using a recently created Fmoc-protected DOPA, as described by Hu et al. 15 In the final coupling reaction, a reactive PEG-NHS ( w M = 2K or 5K) was coupled to the N-terminus of the peptide. Fmoc deprotection was performed with 25% piperidiene in N -methyl-2-pyrrolidinone. After cleaving from the resin, the crude PEG-peptide conjugate was purified by reverse-phase HPLC and lyophilized. All PEG-conjugates were stored under N 2 at -20ºC to minimize oxidation of the DOPA residues.
To examine the adsorption of PEG, standard Au SPR sensors (BIAcore AB, Upsalla, Sweden) were exposed to a flow (5 ìl/min) of aqueous solutions of various PEGs (1.0 mM) for 10 minutes at 25°C, after which flow was switched to DI H 2 O to remove unbound polymer. The SPR response was recorded for qualitative determination of PEG adlayer thickness.
Due to the unique solubility characteristics of PEG, modification of surfaces under marginal solvation conditions (e.g. elevated temperature and ionic strength) aid in achieving higher densities of surface-bound polymer. 16 Described as 'cloud-point' PEGylation, this method has been demonstrated with terminal aldehydes 16 as well as the peptide functionalities discussed here. 12 Bare SPR sensors were modified by incubation in mPEG solutions (1.0 mg/ml) at 50°C for 24h, after which they were extensively rinsed in DI water to remove unbound PEG. Adsorption of mPEG-DOPA was performed in 0.1M MOPS buffer (pH=6.0) containing 0.6 M K 2 SO 4 , while mPEG-MAPD was adsorbed from a saturated NaCl solution containing 0.1M MOPS buffer (pH=6.0). Modified substrates were subsequently dried under a stream of N 2 . To examine protein adsorption, modified sensor surfaces were exposed to a flow (5 ìl/min) of 0.1 mg/ml BSA in HEPES buffer (pH=7.4) for 30 minutes, after which the sensors were rinsed with HEPES. The recorded SPR response was converted into adsorbate concentrations (ng/cm 2 ) using the mathematical formalism described below.
RESULTS AND DISCUSSION
SPR, a technique that measures subtle changes in refractive index close to (<100nm) the surface of Au sensors, is widely used in biochemical affinity assays. 17, 18 While useful in quantifying certain adsorbing species, interpretation of SPR data relies on knowledge of refractive index of the adsorbed layer. PEG adlayers, however, couple a great deal of water, which confounds the determination of their density and consequently refractive index. It is for this reason that SPR is not suitable for quantifying mass of adsorbed PEG. It should be noted that x -ray photoelectron spectroscopy (XPS), a routine surface analysis technique, is also not ideal in determining absolute thicknesses of these adlayers because the conformation of adsorbed PEG under ultrahigh vacuum differs from that in its hydrated state. Figure 1 shows the qualitative differences in adsorption of DOPA-containing PEGs onto bare Au sensor surfaces. It appears that the MAPD anchor produces thicker adlayers than a single DOPA functionality even over short periods of time, although absolute quantification is problematic due to the issues described above. Proteins, on the other hand, tend to adsorb in a more compact manner, closer to their bulk density, thereby simplifying data interpretation.
19 Figure 2 shows the SPR response after a variety of surfaces were exposed to 0.1mg/ml albumin in HEPES buffer (pH=7.4). In characterizing trilayers (PEG, protein, bulk solution) with SPR, several parameters of protein (a) and PEG (b) layers must be considered, including thickness ( ä), index of refraction ( n), as well as the index of refraction of the bulk solution (n s ). SPR response (ÄR) has been related to thickness of the protein layer by the formalisms of Jung and coworkers 19 as
where l d is the characteristic decay length of the evanescent field in the bulk solution(~25-50% ë) 20 and S is a sensitivity factor for the instrument relating ÄR and Än. In our analysis, the density and refractive index for BSA were taken to be 1.29g/cm 3 and 1.57, respectively. 19 The thickness of the tethered PEG layer (ä b ) was assumed to be 1.9nm, a value obtained from XPS (data not shown). Although it is likely that the conformations of PEG chains in aqueous solution will differ largely from those in high-vacuum environments, this thickness value appears to be an acceptable approximation since the resulting variation in the scaling factor of exp(-2ä b /l d ) in Eq. 1 is small, and ä a subsequently varies <2% when ä b varies from 1-3nm. Once the average thickness of an adsorbed protein layer, ä a , is estimated with Eq.1, it is a trivial matter to calculate surface concentration using the bulk number density as a conversion factor. The bulk number density of the adsorbate, N (molecules per cm 3 ), can be estimated from the bulk density of the adsorbate, ñ (g/cm 3 ), just by dividing by the molecular weight and multiplying by Avogadro's number. The thickness values and adsorbate concentrations obtained from the SPR data suggest t hat mPEG-MAPD-modified sensors are better at resisting non-specific adsorption of albumin than those modified with mPEG-DOPA ( Table 1) . The surfaces modified with mPEG-MAPD achieved a reduction of greater than 90% compared to the unmodified Au sensor surface for both 2K and 5K MW species. The enhanced nonfouling character of surfaces modified with mPEG-MAPD suggests that the MAPD endgroup is capable of producing denser PEG adlayers than a single DOPA functionality. 21 The assembly of these denser adlayers may be attributable to a higher affinity of the MAPD peptide to Au surfaces, although this is still being evaluated. 
CONCLUSIONS
We have demonstrated that PEGylation of Au surfaces using a DOPA-mediated biomimetic approach substantially decreases the non-specific adsorption of bovine serum albumin. While the surface concentrations calculated are only estimates due to uncertainty with respect to the PEG adlayer, these experiments provide initial insight into interactions of DOPA-containing peptides and Au surfaces. Additionally, the protein adsorption data appears to correlate well with the relative approximation of the PEG adlayer thicknesses, suggesting that thicker adlayers are better at resisting biofouling. The adsorption of proteins, as well as DOPA-containing PEGs, is currently being investigated through more precise methods including optical waveguide lightmode spectroscopy and quartz crystal microbalance. In addition to providing more accurate measurements of thickness and mass of adsorbed layers, these techniques may prove to be more desirable due to their ability to utilize a wider range of substrate materials.
